Salivary and pancreatic amylases (encoded by AMY1 and AMY2 genes, respectively) are responsible for digesting starchy foods. AMY1 and AMY2 show copy number variations that affect differences in amylase amount and activity, and AMY1 copies have been associated with adiposity. We investigated whether genetic variants determining amylase gene copies are associated with 2-year changes in adiposity among 692 overweight and obese individuals who were randomly assigned to diets varying in macronutrient content. We found that changes in body weight (BW) and waist circumference (WC) were significantly different according to the AMY1-AMY2 rs11185098 genotype. Individuals carrying the A allele (indicating higher amylase amount and activity) showed a greater reduction in BW and WC at 6, 12, 18, and 24 months than those without the A allele (P < 0.05 for all). The association was stronger for long-term changes compared with short-term changes of these outcomes. The genetic effects on these outcomes did not significantly differ across diet groups. In conclusion, the genetic variant determining starch metabolism influences the response to weight-loss dietary intervention. Overweight and obese individuals carrying the AMY1-AMY2 rs11185098 genotype associated with higher amylase activity may have greater loss of adiposity during low-calorie diet interventions.
Salivary and pancreatic amylases (encoded by AMY1 and AMY2 genes, respectively) are responsible for digesting starchy foods. AMY1 and AMY2 show copy number variations that affect differences in amylase amount and activity, and AMY1 copies have been associated with adiposity. We investigated whether genetic variants determining amylase gene copies are associated with 2-year changes in adiposity among 692 overweight and obese individuals who were randomly assigned to diets varying in macronutrient content. We found that changes in body weight (BW) and waist circumference (WC) were significantly different according to the AMY1-AMY2 rs11185098 genotype. Individuals carrying the A allele (indicating higher amylase amount and activity) showed a greater reduction in BW and WC at 6, 12, 18, and 24 months than those without the A allele (P < 0.05 for all). The association was stronger for long-term changes compared with short-term changes of these outcomes. The genetic effects on these outcomes did not significantly differ across diet groups. In conclusion, the genetic variant determining starch metabolism influences the response to weight-loss dietary intervention. Overweight and obese individuals carrying the AMY1-AMY2 rs11185098 genotype associated with higher amylase activity may have greater loss of adiposity during low-calorie diet interventions.
Dietary carbohydrates account for the greatest source of energy intake in most human diets (1) and play an important role in determining energy balance, which regulates body weight (BW) and adiposity (2, 3) . The digestion of polysaccharide carbohydrates begins in the mouth by action of salivary a-amylase, which catalyzes the hydrolysis of the a-1,4-glycosidic bonds of starch, followed by the action of pancreatic amylase. Salivary a-amylase is encoded by the salivary amylase gene (AMY1), which shows extensive copy number variations (4-7) that directly affect individual variability in salivary amylase amount and activity (8) (9) (10) as well as serum concentrations of total and pancreatic amylase (11) . AMY1 is located in a gene cluster (1p21.1) that also includes pancreatic amylase genes (AMY2A and AMY2B), and AMY1 and AMY2A copy numbers are significantly correlated (6) .
Increasing evidence suggests that low AMY1 gene copy numbers are associated with obesity (5, (12) (13) (14) , although the findings are not entirely consistent (7, 15) . In epidemiological studies, low serum concentrations of amylase have been associated with elevated BMI (16) (17) (18) (19) , waist circumference (WC) (16, 20) , or visceral adipose tissue area (21) . Furthermore, studies have suggested that AMY1 copy number also plays a role in glucose uptake and glucose metabolism (11, 22) . A novel study compared AMY1 copy number of individuals of European ancestry from the 1000 Genomes Project with their single nucleotide polymorphism (SNP) genotypes and identified genetic variants associated with AMY1 copies (7) . Such copy number variation of AMY1 likely is due to adaptation to diets rich in starchy food (4).
We hypothesized that starch digestion-related amylase genetic variants affect the regulation of body adiposity, particularly when the intake of polysaccharide, the substrate for amylase, is changed. We examined associations of copy number related to AMY1-AMY2 genotype and 2-year changes of adiposity in participants of the Preventing Overweight Using Novel Dietary Strategies (POUNDS Lost) trial. POUNDS Lost is thus far one of the largest randomized dietary intervention trials on long-term weight loss among overweight and obese individuals (23) . We investigated whether the AMY1-AMY2 genotype rs11185098, which determines starch metabolism, influences long-term weight-loss response to dietary intervention among overweight and obese individuals. We also investigated associations of the AMY1-AMY2 genotype with changes in glucose metabolism in relation to weight loss.
RESEARCH DESIGN AND METHODS

Study Participants
The sample comprised 811 overweight and obese individuals randomly assigned to one of four energy-reduced diets varying in macronutrient composition of fat, protein, and carbohydrates to compare the diets' effects on BW change over 2 years in the POUNDS Lost trial (23 Center of Louisiana State University System, in Baton Rouge, Louisiana. All participants gave written informed consent. The study was approved by the human subjects committee at each institution and by a data and safety monitoring board appointed by the National Heart, Lung, and Blood Institute.
The targeted percentages of energy derived from fat, protein, and carbohydrates in the four diets were 1) 20%, 15%, and 65%; 2) 20%, 25%, and 55%; 3) 40%, 15%, and 45%; and 4) 40%, 25%, and 35%, respectively. Two diets were low fat (20%) and the other two high fat (40%), and two diets were average protein (15%) and the other two high protein (25%), which constituted a 2 3 2 factorial design. Major exclusion criteria were the presence of diabetes or unstable cardiovascular disease, the use of medications that affect BW, and insufficient motivation (23) . More details of the study have been described in detail elsewhere (23) .
The current study included 692 individuals with data on the AMY1 variant SNP rs11185098 located in amylase genes (AMY1, AMY2A, and AMY2B) at the baseline examination. Most of the individuals were considered normoglycemic on the basis of fasting glucose levels (93.8% had fasting glucose ,6.1 mmol/L, and 82.8% had ,5.5 mmol/L), and none of the study participants were regularly taking insulin or oral hypoglycemic agents at the baseline examination. Of the 692 participants, 29.5% were taking antihypertensive medication, and 18.8% were taking lipid-lowering medication at the baseline examination. Individuals who remained in the trial and with data on BW or WC at 6, 12, 18, or 24 months or data on fasting glucose at 6 or 24 months were included in the current analysis. The genotype frequency was not significantly different between individuals with and without follow-up data.
Measurements and Selection of Amylase Gene SNP
Height was measured at the baseline examination, and BW and WC were measured in the morning before breakfast at baseline and at 6, 12, 18, and 24 months during the intervention. BW was measured by calibrated hospital scales, and WC was measured by using a nonstretchable tape measure 4 cm above the iliac crest (24) . BMI was calculated as weight in kilograms divided by the square of height in meters. Fasting blood samples were obtained at baseline and 6 and 24 months, and fasting serum glucose and insulin levels (Diagnostic Products Corporation) were measured at the clinical laboratory at the Pennington Biomedical Research Center. HOMA for insulin resistance (HOMA-IR) was calculated as described previously (25) . Blood pressure was measured with the use of an automated device (HEM-907XL; Omron). A random sample of ;50% of the total study participants were selected to undergo DEXA scans for the assessment of body composition (26) . The DEXA scan was performed with a Hologic QDR 4500A after an overnight fast; total fat mass, total lean mass, whole-body total percent fat mass, and trunk fat percent were measured at baseline and 6 and 24 months during the intervention.
DNA was extracted from the buffy coat fraction of centrifuged blood by using the QIAamp DNA Blood Mini Kit (QIAGEN, Chatsworth, CA). A total of 799 participants were genotyped for 715,481 SNPs by using an Illumina Infinium OmniExpress-24 Kit. The genotype success rate was 99%. After quality control (sample call rate $95%, SNP call rate $95%, P . 1.0E-6 for Hardy-Weinberg equilibrium test, minor allele frequency $0.01), the genotyped data set had 727 samples and 660,673 SNPs. Because of the potential population stratification and limited sample size of non-European Hispanics (n = 24) and Asians (n = 11), 692 participants (583 whites and 109 blacks) had available data for the current study. We used the Michigan Imputation Server (https://imputationserver.sph.umich.edu/ index.html) to impute SNPs on chromosomes 1-22, with 1000G Phase 3 v5 as the reference panel. In the current study, we used an imputed SNP, rs11185098, with high imputation quality (R 2 $ 0.9). Selection of this SNP was based on the variant that showed the strongest association (among all the SNPs presented) with obesity in the previous study (7) and was the only SNP located near all three amylase genes (AMY1, AMY2A, and AMY2B). In addition, the minor allele frequency of this SNP was common, which provided better power in the analysis (7) . The minor (A) allele of SNP rs11185098 was reported to be positively associated with AMY1 gene copies (7) . A higher number of AMY1 gene copies was associated with high salivary amylase activity in other studies (8) (9) (10) , and three copy numbers of AMY1 and AMY2A have been shown to be numerically correlated (6) . Therefore, the A allele of SNP rs11185098 was used in the current study as a marker of having high amylase activity.
Statistical Analysis
General linear models for continuous variables and the x 2 test for categorical variables were used for comparison of characteristics at baseline examination across the genotype. Primary outcomes in the current study were changes in BW and WC during the 2-year intervention. We used Quanto 1.2.4 software (http://biostats.usc.edu/index.html; University of Southern California, Los Angeles) to estimate the detectable effect sizes of the genetic effect. The current study was estimated to have .80% power to detect associations of the genotype and the outcomes. General linear models were used to assess genotype effect on the outcomes. Covariates in the multivariate-adjusted model included age, sex, ethnicity, and diet group (model 1), with additional adjustment of value for the respective outcome traits at the baseline examination (either BW or WC) (model 2). We also performed a multivariate-adjusted model including age, sex, ethnicity, diet group, BMI, WC, and fasting glucose at baseline (model 3), with additional adjustment for use of antihypertensive and lipid-lowering medication (model 4). We performed a sensitivity analysis for concurrent changes in fasting glucose in model 4. Additive genetic models were used in the analysis.
To test potential gene-diet interactions, a genotype-by-diet product term was included in the models. We used linear mixed models with the variance components structure, including time 3 genotype interaction terms to test the genotype effect on the trajectory of changes in BW and WC. We analyzed associations of the genotype and fasting glucose changes at 6 months as a secondary outcome by using multivariate-adjusted models that included age, sex, ethnicity, and diet group, with additional adjustment for fasting glucose at baseline. We also performed a fully adjusted model further including BMI, WC, medication use, and concurrent weight changes as covariates in the model. Statistical analyses were performed with SAS 9.3 software (SAS Institute). Statistical significance was considered for P , 0.05.
RESULTS
No significant differences in age, blood pressure measures, triglyceride levels, HbA 1c concentrations, fasting insulin concentrations, HOMA-IR, body composition, and dietary intake were found according to the AMY1-AMY2 rs11185098 genotype at the baseline examination ( Table 1 ). The genotype distribution did not differ by sex, diet intervention group, or use of medications, whereas a significant difference was observed for ethnicity (P , 0.001). At the baseline examination, an increasing number of the A allele was significantly correlated with higher BMI (P = 0.04) and WC (P = 0.03). We observed that carrying the A allele was associated with lower glucose concentrations at the baseline examination (P = 0.03). Table 2 shows nutrient intake and biomarkers of adherence at 6 months and 2 years according to the AMY1-AMY2 rs11185098 genotype. No significant differences were found in mean values of nutrient intake and biomarkers of adherence at 6 months and 2 years across the genotype (P . 0.05).
We found that the AMY1-AMY2 genotype was significantly associated with longitudinal changes in BW and WC, regardless of diet intervention group (Table 3) . Increasing number of the A allele was significantly associated with greater loss of BW at 6, 12, 18, and 24 months during the dietary intervention (in model 1, P , 0.05 for all). The association was independent of age, sex, ethnicity, diet group, and BW at baseline (model 2). The association on 6-month changes of BW was slightly attenuated in the adjusted model that included BMI, WC, and fasting glucose at baseline (model 3), although changes at 12, 18, and 24 months remained significant. These results were not altered after accounting for medication use in model 4. Similarly, we found significant associations for changes in WC: Carrying the A allele of AMY1-AMY2 rs11185098 was associated with greater improvement of abdominal obesity at 6, 12, 18, and 24 months of the intervention after adjustment for covariates in model 4. After adjustment for covariates in model 4 and concurrent (6-month or 2-year) changes in fasting glucose, the AMY1-AMY2 rs11185098 genotype was significantly associated with a greater loss of Results were fundamentally the same in an analysis of only whites (data not shown). We did not find a significant (P , 0.05) interaction effect between diet group (fat/ carbohydrate or protein diet group) and genotype for these outcomes.
Two-year trajectories of BW (Fig. 1A) and WC (Fig. 1B ) according to the AMY1-AMY2 rs11185098 genotype showed a significant time 3 genotype interaction for BW (P time 3 genotype interaction = 0.01) and WC (P time 3 genotype interaction = 0.01) after adjustment for age, sex, ethnicity, BMI, and WC at baseline. Results remained significant even after additional adjustment for fasting glucose concentrations and medication use at baseline (P time 3 genotype interaction = 0.01 for BW, P time 3 genotype interaction = 0.01 for WC). The effect of the genotype was stronger for long-term changes than for short-term changes (6 months) in these outcomes. Individuals carrying the G allele regained weight after 6-24 months, whereas those without the G allele continued to lose weight after 6 months; in addition, these individuals did not show a marked regain in WC after 6-24 months. We observed that changes in BW were significantly correlated with changes in body composition, including total fat mass, total lean mass, whole-body total percent fat mass, and trunk fat percent. On examination of possible genetic effects on changes in body fat composition, we also observed that increasing number of the A allele tended to be related to greater loss of whole-body total percent fat mass and trunk fat percent, although the results were not statistically significant (data not shown).
In addition, we observed a significant association of the AMY1-AMY2 rs11185098 genotype with improving fasting glucose concentrations, especially at 6 months because blood glucose levels rebounded between 6 months and 2 years (Fig. 2) . No significant interaction was observed between diet group and genotype for changes in fasting glucose. Of note, opposite to changes in obesity measurement, an increasing number of the G allele was associated with greater decreases in fasting glucose concentrations at 6 months after adjustment for age, sex, ethnicity, and diet group (P = 0.005) as well as after additional adjustment for fasting glucose at baseline (P = 0.03). The association remained significant even after further adjustment for BMI, WC, medication use, and concurrent (6-month) weight changes in the fully adjusted model (b [SE] -0.07 [0.03] per G allele; P = 0.01) (Fig. 2) ; individuals with GG genotype had the largest reduction (mean 6 SE, -0. 20 
DISCUSSION
In this 2-year randomized diet intervention trial among overweight and obese individuals, we show that the effect of dietary intervention on weight loss and improvement of abdominal obesity were significantly different according to the genetic variant regulating starch metabolism. We also showed that the variant in the amylase gene region significantly influenced changes in fasting glucose concentrations. To our knowledge, this study is the first to demonstrate that the genetic variant associated with morecomplete starch digestion is also associated with more longterm weight loss during the intervention among overweight and obese individuals. The overweight and obese individuals carrying the AMY1-AMY2 rs11185098 genotype, which is associated with more gene copies and higher amylase activity, benefited from greater weight loss and decrease in central adiposity in response to low-calorie diet interventions.
The results show that the high amylase activity-related A allele of AMY1-AMY2 rs11185098 was a marker for greater weight loss over 2 years during the intervention, regardless of BMI and WC values at baseline. The A allele of SNP rs11185098 was nominally associated with a lower risk of obesity in the Estonian population; however, no relation was reported between the variant and BMI in a wellpowered analysis (7) . Previous studies reported that low AMY1 gene copies were associated with obesity (5, (12) (13) (14) , although the findings were not consistent (7, 15) . Studies have shown that the AMY1 gene copy number is positively correlated with salivary amylase activity and serum amylase levels (8) (9) (10) , and observational studies have consistently reported that low serum amylase concentrations are associated with obesity, insulin resistance, and metabolic abnormalities (16) (17) (18) (19) (20) (21) 27) . Studies linking AMY genotypes, amylase activity, and adiposity are still sparse, and the precise mechanisms underlying the current findings need further investigations. However, a previous animal study reported that increases in body fat in response to a highfat and high-sucrose diet was associated with a genetic variant near three amylase genes (Amy1, Amy2b, and Amy2a5) (28) . AMY1 also is actively expressed in adipose tissue (5) , and the different genotype may affect adipose tissue metabolism. The amylase gene locus at chromosome 1p21.1 is structurally complex, and this region contains salivary (AMY1) and pancreatic (AMY2A and AMY2B) amylase genes. Previous studies show that copy numbers of AMY1 and AMY2A (6) as well as serum levels of the two enzymes (5) are significantly correlated and that salivary Outcome and pancreatic amylase proportions are approximately equal in serum (5). In addition, production of pancreatic amylase is regulated by insulin (29, 30) , and obese individuals with insulin resistance may have reduced pancreatic amylase levels (5). Because the SNP rs11185098 is located in the AMY1, AMY2A, and AMY2B gene region, we could not distinguish between salivary and pancreatic gene effects or whether both genes account for the observations. Although a causal relation between starch digestion and the development of obesity has not yet been verified, the current study suggests that genetic signature associated with amylase activity affects long-term weight changes induced by dietary modifications.
In addition, the current analysis, which used linear mixed models, indicated a significant time 3 genotype interaction, supporting that the genetic effect became stronger in the longer-term intervention. In the POUNDS Lost trial, most participants regained BW from 6 months to 2 years (23), and participants carrying distinct AMY1-AMY2 rs11185098 genotypes showed different patterns of weight regain during this period. Therefore, the results may also help to predict maintenance of weight loss according to individuals' genomic makeup.
In line with previous studies, we observed that participants with the G allele, which indicates lower amylase activity, had higher fasting glucose concentrations at baseline; however, we observed that these individuals showed a greater reduction of fasting glucose at 6 months independent of concurrent weight changes and baseline fasting glucose concentrations. In an experimental study, individuals with fewer AMY1 copy numbers and lower amylase activity showed higher glucose concentrations after starch ingestion (22) because the low amylase activity group did not exhibit preabsorptive insulin release in response to starch and consequently had a higher glycemic response (22) . On the other hand, several studies did not show a significant association of AMY gene copies or salivary amylase activity on glycemic response after carbohydrate/ starchy food intake (8, 31) . A recent metabolomics study on AMY1 copy number suggested that fewer AMY1 gene copies may be associated with delayed glucose uptake after starch digestion (11) . The design of these studies was crosssectional or experimental, and in the current study, we assessed the short-term changes of fasting glucose among overweight and obese individuals during the intervention. The current results suggest that the improvement of glucose metabolism after the dietary intervention differ according to the starch digestion-related genotype. Although detailed mechanisms need to be further investigated, we speculate that the G allele, which is associated with lower AMY1 copy numbers, is associated with baseline impaired fasting glucose metabolism and may show better improvement of glucose metabolism when long-term dietary intake is changed, despite less improvement in adiposity. Nonetheless, postprandial concentrations of glucose and insulin were not available in this study, and individuals' glucose tolerance status (after an oral glucose tolerance test) was not determined. Additional studies with detailed measurements of glucose metabolism would be warranted to investigate relations between amylase genetic variant and impaired glucose tolerance.
Compelling evidence has shown that diets varying in macronutrient composition are effective in promoting weight loss, but extensive interindividual variation exists in the effectiveness of dietary intervention to achieve weight loss and weight stability, and individual genetic makeup has long been suggested to affect individual responses to weight-loss intervention (32) (33) (34) . In the current study, we demonstrated that the genotype associated with carbohydrate metabolism partly accounts for such variance. The data indicate that the relation between the AMY1-AMY2 rs11185098 genotype and weight loss is not modified by different types of diets. In our previous studies among the participants in the POUNDS Lost trial, we found that variants in several genes, such as those related to obesity (FTO) (35, 36) , type 2 diabetes (TCF7L2 and IRS1) (37, 38) , and amino acid metabolism (PPM1K) (39) , modify the effect of weight-loss diets with varying macronutrient content on changes in adiposity and metabolic risk factors. In addition, we previously reported that the genetic variant determining preference to carbohydrate intake is associated with improving obesity in the POUNDS Lost trial (40) . However, more studies are necessary to confirm these findings. The results from our series of studies emphasize the importance of considering genetic background in dietary interventions, and the current study suggests a novel approach to considering the genetic variants associated with individual carbohydrate digestion in obesity management.
This study has several strengths, including the robust genetic associations with improvement of obesity at multiple time points during the follow-up in a large and longterm randomized trial. Growing evidence suggests the important implications of amylase gene and copy number variation in obesity and metabolic diseases (30,41), and we show that amylase genetic regulation might have a substantial impact on improving obesity. Limitations of this study were unavailability of data on glucose tolerance tests and that we did not measure AMY1-AMY2 copy numbers, serum, or salivary amylase concentrations, which limited our ability to explore potential underlying mechanisms. We were not able to examine relations between the genotype and impaired glucose tolerance. In addition, the study participants were mainly white, and the genotype distribution differed between blacks and whites. Although the subgroup analysis in whites showed similar results, whether the findings are generalizable to other ethnicities needs to be investigated further. The study included only overweight and obese individuals who participated in the clinical trial, and carrying the A allele was associated with higher BMI at the baseline examination but with greater improvement of adiposity. Whether this variant could be a marker for obesity needs to be confirmed in other studies. The genetic variant may not be causal, and use of a single SNP may not capture overall variation of AMY1-AMY2 copies. In addition, body composition was measured in some (;50%) of the study participants, and the relatively small sample size limited the statistical power to detect a potential genetic effect on changes in body composition.
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